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1. INTRODUCTION {#jbio201900164-sec-0001}
===============

A major function of chromatin is the organization and compaction of long genomic DNA within the confined space of the eukaryotic nucleus. Chromatin nanoscale architecture, namely, the organization of histones into higher‐order structures of varying level of compaction, has an important role in the regulation of many genomic processes. For instance, the modulation of gene activity, which involves the packaging of the genome into transcriptionally active and inactive sites, is dependent upon chromatin morphological organization [1](#jbio201900164-bib-0001){ref-type="ref"}, [2](#jbio201900164-bib-0002){ref-type="ref"}. Another example is represented by the chromatin rearrangements that occur during the DNA damage response (DDR) to facilitate access of specific proteins, implicated in various DNA repair pathways and in the maintenance of genomic stability [3](#jbio201900164-bib-0003){ref-type="ref"}, [4](#jbio201900164-bib-0004){ref-type="ref"}, [5](#jbio201900164-bib-0005){ref-type="ref"}. How such structures form and behave in various cellular processes remains unclear and how genomes are structured at the nanoscale, especially in living cells, remains unknown.

Historically, different chromatin compaction states have been broadly divided into heterochromatin and euchromatin, owing to their association with the density of their appearance with optical light microscopy or electron microscopy (EM) [6](#jbio201900164-bib-0006){ref-type="ref"}, [7](#jbio201900164-bib-0007){ref-type="ref"}. Heterochromatin was first defined as the fraction of chromatin that remains condensed after mitosis while euchromatin has been described as low density, relatively decompacted chromatin, which includes mostly active regions rich in genes and regulatory sequences [8](#jbio201900164-bib-0008){ref-type="ref"}. The recent development of the so‐called super‐resolution fluorescence microscopy (SRM) techniques, including stimulated emission depletion (STED) microscopy [9](#jbio201900164-bib-0009){ref-type="ref"}, structured illumination microscopy (SIM) [10](#jbio201900164-bib-0010){ref-type="ref"}, and localization microscopy, such as photoactivated localization microscopy (PALM) [11](#jbio201900164-bib-0011){ref-type="ref"} and stochastic optical reconstruction microscopy (STORM) [12](#jbio201900164-bib-0012){ref-type="ref"}, [13](#jbio201900164-bib-0013){ref-type="ref"}, have extended the ultimate resolving power of optical microscopy far beyond the diffraction limit, facilitating access to the organization of chromatin at the nanoscale by optical means [14](#jbio201900164-bib-0014){ref-type="ref"}, [15](#jbio201900164-bib-0015){ref-type="ref"}, [16](#jbio201900164-bib-0016){ref-type="ref"}, [17](#jbio201900164-bib-0017){ref-type="ref"}, [18](#jbio201900164-bib-0018){ref-type="ref"}, [19](#jbio201900164-bib-0019){ref-type="ref"}. For instance, STORM has been used to visualize chromatin higher‐order organization in single cell nuclei, revealing that both nucleosomes and DNA associate in heterogeneous nanodomains [16](#jbio201900164-bib-0016){ref-type="ref"}, [20](#jbio201900164-bib-0020){ref-type="ref"}, and that distinct epigenetic states have a different nanoscale chromatin architecture [15](#jbio201900164-bib-0015){ref-type="ref"}, [21](#jbio201900164-bib-0021){ref-type="ref"}. Notably, PALM has been used to visualize the dynamics of higher‐order chromatin structures in live cells [17](#jbio201900164-bib-0017){ref-type="ref"}.

An alternative strategy to get information on the nanoscale chromatin environment, without the help of SRM, is based on the use of fluorescence spectroscopy techniques. For instance, techniques like fluorescence recovery after photobleaching and fluorescence correlation spectroscopy (FCS) have been widely used to measure molecular diffusion within the nucleus of live cells [22](#jbio201900164-bib-0022){ref-type="ref"}. Even if limited by diffraction, these methods detect differences in the diffusion of nanometer‐sized probes and can be used to indirectly infer properties of the nanoscale chromatin architecture [23](#jbio201900164-bib-0023){ref-type="ref"}, [24](#jbio201900164-bib-0024){ref-type="ref"}, [25](#jbio201900164-bib-0025){ref-type="ref"}, [26](#jbio201900164-bib-0026){ref-type="ref"}, [27](#jbio201900164-bib-0027){ref-type="ref"}. FCS can be eventually coupled with STED to probe diffusion at subdiffraction spatial scales [28](#jbio201900164-bib-0028){ref-type="ref"}, [29](#jbio201900164-bib-0029){ref-type="ref"}. Other examples are fluorescence lifetime imaging (FLIM) microscopy and fluorescence anisotropy imaging, which have been used to monitor alterations in the local environment of a fluorescent probe and relate them to the chromatin condensation state [30](#jbio201900164-bib-0030){ref-type="ref"}, [31](#jbio201900164-bib-0031){ref-type="ref"}, [32](#jbio201900164-bib-0032){ref-type="ref"}, [33](#jbio201900164-bib-0033){ref-type="ref"}. But probably, the most striking example of achieving the nanoscale through fluorescence spectroscopy is represented by Förster resonance energy transfer (FRET), a process that can occur between an excited donor and an acceptor molecule when the two fluorophores are within \~10 nm distance [34](#jbio201900164-bib-0034){ref-type="ref"}. Because of this property, FRET is often considered a "spectroscopic nanoruler" and is the method of choice for the detection of protein‐protein interactions in live cells [35](#jbio201900164-bib-0035){ref-type="ref"}, [36](#jbio201900164-bib-0036){ref-type="ref"}, [37](#jbio201900164-bib-0037){ref-type="ref"}.

The sensitivity to nanometer distances makes FRET especially interesting in the context of the highly packed chromatin environment. A quantitative FRET approach to assay nanoscale chromatin compaction was originally developed by Llères et al. [38](#jbio201900164-bib-0038){ref-type="ref"}. This assay defines the nanoscale proximity between nucleosomes, measured through FLIM‐based detection of FRET between stably incorporated GFP‐H2B and mCherry‐H2B histones. This FRET assay has been used to reveal distinct domains and quantitatively discriminate different levels of nanoscale chromatin compaction in live HeLa cells [38](#jbio201900164-bib-0038){ref-type="ref"} and in living *Caenorhabditis elegans* as a model system [39](#jbio201900164-bib-0039){ref-type="ref"}. More recently, the same FRET assay has been applied to measure chromatin organization in live cells in combination with the phasor analysis of FLIM [40](#jbio201900164-bib-0040){ref-type="ref"}, [41](#jbio201900164-bib-0041){ref-type="ref"}. Coupling this technology with laser microirradiation allowed identifying the DDR‐dependent chromatin architectural changes that occur in response to DNA double‐strand breaks (DSBs) [41](#jbio201900164-bib-0041){ref-type="ref"}. All these works clearly show that FRET can be a powerful tool to map nanoscale chromatin compaction in vivo.

Nevertheless, there are some limitations in the reported chromatin compaction FRET assays. First, the use of fluorescent proteins implies in general a longer time to prepare samples, required for inducing a transient expression of the proteins, or the establishment of a stable cell line. In addition, the induction of transient or stable fluorescent protein expression might be challenging in some specific cell lines, limiting the applicability of the method. A second important consideration is that, in the chromatin FRET assay, the effective number of donors and acceptors involved in the FRET interaction is not well defined. This is quite different from the FRET detection of protein‐protein interactions, in which the stoichiometry of the putative protein clusters is often predictable, at least to some extent. In particular, in the case of fluorescent histones, up to 20‐fold variations in the relative acceptor‐donor expression level were recently reported [42](#jbio201900164-bib-0042){ref-type="ref"}. A high variability in the number of donor and acceptor molecules may generate by itself additional variations of FRET not necessarily linked to variations in the average donor‐acceptor distance [43](#jbio201900164-bib-0043){ref-type="ref"}, [44](#jbio201900164-bib-0044){ref-type="ref"}, [45](#jbio201900164-bib-0045){ref-type="ref"}, [46](#jbio201900164-bib-0046){ref-type="ref"}, [47](#jbio201900164-bib-0047){ref-type="ref"}. If this is the case, the measured FRET level should be corrected for the relative acceptor‐donor abundance.

Here, we introduce a novel FRET assay that provides a FRET level independent of the acceptor‐donor ratio. The assay is based on the FRET between two DNA‐binding dyes, namely, Hoechst 33342 (donor) and Syto 13 (acceptor), rather than between fluorescently labeled histones. In order to provide an accurate FRET level, we monitor variations of the lifetime of the donor by frequency‐domain FLIM, and normalize the FRET efficiency to the relative acceptor‐to‐donor abundance. We show that, thanks to this correction, the method provides consistent spatial maps of nanoscale chromatin compaction independently of the local donor and acceptor concentrations. We validate the method by quantification of different degrees of chromatin compaction in live interphase nuclei, distinguishing different density patterns, both in physiological and hyperosmolar environment. As an application, we study changes in nanoscale chromatin architecture during the DDR, generated by stimulation with laser UV‐microirradiation, inside nuclear‐defined regions.

2. MATERIALS AND METHODS {#jbio201900164-sec-0002}
========================

2.1. Cell culture and treatments {#jbio201900164-sec-0003}
--------------------------------

HeLa cells were cultured in a flask in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% FBS, 2 mM L‐glutamine and 1% penicillin/streptomycin in a humidified incubator at 37°C with 5% CO~2~. Subsequently, cells were plated on an Ibidì μ‐slide 8‐well chamber and let grow overnight. Cells were washed in phosphate buffer saline (PBS 1×, pH 7.4; Thermo Fisher Scientific) and stained with 2 μM Hoechst 33342 (Thermo Fisher Scientific) (donor only sample) or with 2 μM Hoechst 33342 and 2 μM Syto 13 (Thermo Fisher Scientific) (donor‐acceptor sample) and left incubating for 25 minutes at 37°C. For FRET measurements, cells were observed without any washing step, that is, leaving the fluorophore diluted in DMEM.

For hyperosmolar experiment, HeLa cells were washed in PBS 1× and hypercompacted chromatin formation was induced by incubating HeLa cells in a hyperosmolar medium at osmolarities \~570 mOsm for 25 minutes at 37°C with 5% CO~2~. Afterwards, cells were stained with 2 μM Hoechst 33342 (donor only) or with 2 μM Hoechst 33342 and 2 μM Syto 13 (donor‐acceptor sample) and left incubating for 20 minutes at 37°C in hyperosmolar solution. As a standard protocol, 1 mL 20× PBS (2.8 M NaCl, 54 mM KCl, 130 mM Na~2~HPO~4~, 30 mM KH~2~PO~4~ in H~2~O, pH adjusted with HCl to 7.4) was diluted with 19 mL standard culturing medium (290 mOsm) to yield an osmolarity of 570 mOsm [48](#jbio201900164-bib-0048){ref-type="ref"}.

For monitoring the DDR, cells were transiently transfected with (poly‐\[ADP‐ribose\] polymerase 1) PARP1‐chromobody‐TagRFP (ChromoTek), according to QIAGEN Effectene protocol and imaged 24 hours after transfection.

2.2. FLIM‐FRET microscopy {#jbio201900164-sec-0004}
-------------------------

FLIM‐FRET data were acquired with Nikon\'s A1R MP confocal and multiphoton microscope, coupled to an ISS A320 frequency‐domain FastFLIM box to acquire the lifetime data. A Nikon Plan Apo VC 100× Oil DIC N2 objective, NA 1.45, was used for all the measurements. The donor fluorophore was excited at 405 nm. This wavelength caused also direct excitation of the acceptor. The fluorescence signal was split between two hybrid photodetectors, with the following emission band‐pass filters in front of each: 450/50 (Hoechst 33342) and 585/40 (Syto 13), respectively. We simultaneously acquired intensity and lifetime data by scanning with an 80 MHz pulsed laser beam (405 nm, PDL 800‐D, PicoQuant). The frame size was set to 512 × 512 pixels, with a pixel size of 0.05 μm. The scanning pixel‐dwell time was set at 12.1 μs/pixel. Each FLIM image was obtained by integrating the signal of 20 frames corresponding to an acquisition time of 1 minute.

The FLIM data acquisition was managed by the ISS VistaVision software. In frequency‐domain FLIM, the lifetime is determined from the phase delay and the demodulation of the fluorescence emission with respect to a modulated excitation signal [49](#jbio201900164-bib-0049){ref-type="ref"}. For each pixel, the FLIM system records a value of phase (*φ*) and modulation (*M*) at multiple frequencies with respect to the excitation signal. All the data were analyzed at the frequency of 80 MHz. The raw FLIM data were visualized in the phasor plot where *g* = *M* cos(*φ*) and *s* = *M* sin(*φ*) [40](#jbio201900164-bib-0040){ref-type="ref"}. Calibration of the system was performed by measuring fluorescein in 1 M NaOH (pH 9.0), which has a known single exponential lifetime of 4.1 ns. Before each experiment, we calibrated the donor channel using a solution of Alexa Fluor 405 (Thermo Fisher) which is excited at the same excitation wavelength of the donor (Hoechst 33342). We determined that Alexa Fluor 405 in DMSO has a single exponential lifetime of 3.5 ns ([Figure S4](#jbio201900164-supitem-0001){ref-type="supplementary-material"}, Supporting Information). For each measurement, the following four images were exported for further processing on ImageJ [50](#jbio201900164-bib-0050){ref-type="ref"}: the intensity in the donor channel *I* ~1~(*x*,*y*), the intensity in the acceptor channel *I* ~2~(*x*,*y*), the phasor coordinate *g*(*x*,*y*) in the donor channel and phasor coordinates *s*(*x*,*y*) in the donor channel.

2.3. Laser microirradiation {#jbio201900164-sec-0005}
---------------------------

For induction of DNA damage by laser microirradiation, we used the 405 nm‐laser beam of the Nikon\'s A1R MP confocal and multiphoton microscope. The laser power was set at 80%, and the laser beam was focused on a selected region of interest (ROI) of the nucleus (15 μm × 6 μm) for a total microirradiation time of 40 seconds. For monitoring the response of PARP‐1 to DNA damage induction, a 65 second‐time‐lapse movie was recorded (256 × 256 pixels, 9.5 μs/pixel, 634 frames). FLIM‐FRET microscopy was performed in parallel using the microscope and acquisition settings described above. FLIM‐FRET acquisitions were recorded immediately after laser microirradiation.

For cells analyzed by immunostaining, the induction of DNA damage was set with a laser power at 100%, on a selected ROI of size 3 μm × 3 μm, for a total microirradiation time of 20 seconds. Microirradiated cells were fixed within \~5 minutes after microirradiation.

2.4. Cell fixation and immunostaining {#jbio201900164-sec-0006}
-------------------------------------

Cells were fixed with 4% formaldehyde in PBS 1× for 15 minutes and washed several times with PBS 1×. After fixation, HeLa cells were permeabilized and incubated in blocking buffer solution (5% w/v bovine serum albumin, 0.1% (v/v) Triton X‐100 in PBS) for 1 hour at room temperature.

For PARP‐1 detection, cells were incubated overnight at 4°C with the primary antibody mouse anti‐PARP1 (sc‐8007; Santa Cruz Biotechnology), in blocking buffer (1/50 dilution), followed by several washing steps. Cells were then incubated with the secondary antibody Alexa 488‐conjugated anti‐mouse (A28175; Thermo Fisher Scientific) in PBS (1/600 dilution), for 1 hour at room temperature, and washed with PBS.

Cells were stained with TO‐PRO‐3 iodide (T3605; Thermo Fisher Scientific) (dilution 1:2000) in PBS and left incubating for 25 minutes at room temperature and subsequently were washed several times with ultrapure water.

Confocal images of immunostained samples were acquired on a Leica TCS SP5 microscope, using a HCX PL APO × 100 100/1.40/0.70 oil immersion objective lens (Leica Microsystems, Mannheim, Germany). Excitation source was provided by a white laser at the desired wavelength starting from 470 nm. Alexa 488 was excited at 488 nm, and its fluorescence emission detected at 500 to 560 nm. TO‐PRO‐3 iodide excitation was performed at 633 nm, and its emission collected in the band 645 to 710 nm.

2.5. Image processing and FRET calculation {#jbio201900164-sec-0007}
------------------------------------------

All the following image operations were implemented on ImageJ.

For each measurement, the image of the phase lifetime *τ*(*x,y*) was obtained from the phasor images *g*(*x,y*) and *s*(*x,y*) using the formula:$$\tau\left( {x,y} \right) = \frac{1}{2\mathit{\pi f}}\frac{s\left( {x,y} \right)}{g\left( {x,y} \right)},$$where *f* = 80 MHz. For donor‐acceptor samples, the image of the FRET efficiency *E*(*x*,*y*) was obtained as:$$E\left( {x,y} \right) = 1 - \frac{\tau_{\mathit{DA}}\left( {x,y} \right)}{\tau_{D}},$$where *τ* ~*DA*~(*x*,*y*) is the phase lifetime image of a donor‐acceptor sample and *τ* ~*D*~ represents the phase lifetime of the unquenched donor. The lifetime of the unquenched donor was determined, in each experiment, from lifetime images of a donor only sample prepared in the same conditions of the donor‐acceptor sample. The value *τ* ~*D*~ was set as the average value obtained from at least three different cells.

The FRET level *A*(*x,y*) was then obtained as:$$A\left( {x,y} \right) = \frac{E\left( {x,y} \right)}{1 - E\left( {x,y} \right)}.$$

For donor‐acceptor samples, the image of the acceptor‐donor ratio was determined from the intensity images in the donor and acceptor channel. First, the contribution of the donor bleed‐through was removed from the acceptor channel:$$I_{A}\left( {x,y} \right) = I_{2}\left( {x,y} \right) - k_{\mathit{BT}}I_{1}\left( {x,y} \right),$$where the constant *k* ~*BT*~ was determined from the donor only sample as the average value of *I* ~2~(*x*,*y*)/*I* ~1~(*x*,*y*) from at least three different cells. The corrected intensity *I* ~*A*~(*x*,*y*) represents all the fluorescence emission detected from Syto 13, including fluorescence resulting from direct excitation of Syto 13 at 405 nm and FRET signal. We will assume that the contribution of the FRET signal to *I* ~*A*~(*x*,*y*) is negligible compared to the contribution due to direct excitation. The intensity in the donor channel was not affected by spectral cross‐talk, so we set *I* ~*D*~(*x*,*y*) = *I* ~1~(*x*,*y*).For the donor channel is *I* ~*D*~(*x*,*y*) = *β* ~*D*~ *N* ~*D*~(*x*,*y*) (*τ* ~*DA*~(*x*,*y*)/*τ* ~*D*~), where *β* ~*D*~ is the brightness (counts per molecule per integration time) of the unquenched donor in the donor channel, *N* ~*D*~(*x*,*y*) is the number of donor molecules at a given pixel and the factor *τ* ~*DA*~/*τ* ~*D*~ takes into account the decrease of quantum yield (QY) of the donor due to FRET [51](#jbio201900164-bib-0051){ref-type="ref"}. For the acceptor channel is *I* ~*A*~(*x*,*y*) = *β* ~*A*~ *N* ~*A*~(*x*,*y*), where *β* ~*A*~ is the brightness of the acceptor in the acceptor channel and *N* ~*A*~(*x*,*y*) is the number of acceptor molecules at a given pixel. We calculated an image of the experimental acceptor‐donor ratio as:$$n_{\mathit{AD}}^{*}\left( {x,y} \right) = \frac{I_{A}\left( {x,y} \right)}{I_{D}\left( {x,y} \right)}\frac{\tau_{\mathit{DA}}\left( {x,y} \right)}{\tau_{D}}.$$

The quantity *n*\*(*x*,*y*) is proportional to the absolute value of the acceptor‐donor ratio *N* ~*A*~(*x*,*y*)/*N* ~*D*~(*x*,*y*):$$n^{*}\left( {x,y} \right) = \frac{\beta_{A}}{\beta_{D}}\frac{N_{A}\left( {x,y} \right)}{N_{D}\left( {x,y} \right)}.$$

The value of *n*\*(*x*,*y*) was used to correct the measured FRET level *A*(*x*,*y*) for variations of the acceptor‐donor ratio:$$A_{0}^{*}\left( {x,y} \right) = \frac{A\left( {x,y} \right)}{n^{*}\left( {x,y} \right)}.$$

The quantity *A* ~0~\*(*x*,*y*) is proportional to the FRET level *A* ~0~(*x*,*y*) corresponding to an acceptor‐donor ratio of 1:$$A_{0}^{*}\left( {x,y} \right) = \frac{\beta_{D}}{\beta_{A}}\frac{A\left( {x,y} \right)}{N_{A}\left( {x,y} \right)/N_{D}\left( {x,y} \right)} = \frac{\beta_{D}}{\beta_{A}}A_{0}\left( {x,y} \right).$$

To estimate the value of the constant *β* ~*A*~/*β* ~*D*~, we first determined the ratio between the brightness of fluorescein in the acceptor channel (*β* ~2~) and the brightness of Alexa 405 in the donor channel (*β* ~1~). This ratio was determined by measuring the fluorescence intensities *I* ~1~ and *I* ~2~ from distinct solutions of known concentrations *C* ~1~ and *C* ~2~ of the two dyes under the same level of 405 nm excitation power.$$\frac{\beta_{2}}{\beta_{1}} = \frac{I_{2}C_{1}}{I_{1}C_{2}}.$$

Then, we estimated the value of *β* ~*A*~/*β* ~*D*~ as:$$\frac{\beta_{A}}{\beta_{D}} = \frac{\beta_{2}}{\beta_{1}}\frac{\varepsilon_{A}{QY}_{A}\ \eta_{A}\varepsilon_{1}{QY}_{1}\eta_{1}}{\varepsilon_{D}{QY}_{D}\eta_{D}\varepsilon_{2}{QY}_{2}\eta_{2}},$$ where the values of QY and extinction coefficient (*ε*) at 405 nm for each dye were estimated from reported literature and manufacturers datasheets ([Table S1](#jbio201900164-supitem-0001){ref-type="supplementary-material"}). The parameter *η* represents the percentage of the emission spectrum of each fluorophore that is collected within its specific band‐pass filter.

2.6. Simulated data {#jbio201900164-sec-0008}
-------------------

The simulated data were generated in Matlab (MathWorks). We simulated a mixture of ND donors undergoing FRET with a variable number *N* ~*A*~ of acceptors. The lifetime of the unquenched donor was set to the value *τ* ~0~ = 2.7 ns. The FRET efficiency of a donor interacting with a single acceptor was set to the value *E* ~0~. The FRET efficiency of a donor interacting with an integer number *n* ~*A*~ acceptors was set to the value *E* ~*n*~, where *E* ~*n*~ = 1/(1 + 1/*A* ~*n*~), *A* ~*n*~ = *n* ~*A*~ *A* ~0~ and *A* ~0~ = *E* ~0~/(1 − *E* ~0~) [43](#jbio201900164-bib-0043){ref-type="ref"}. For any given value of *N* ~*A*~/*N* ~*D*~, the mixture was set in the following way: for *n* ~*A*~ − 1 \< *N* ~*A*~/*N* ~*D*~ \< *n* ~*A*~, a value of efficiency *E* ~*n*~ was assigned to a fraction of donors equal to *N* ~*A*~/*N* ~*D*~ − *n* ~*A*~, whereas a value of efficiency *E* ~*n*~ − 1 was assigned to all the other donors. The temporal decay corresponding to this mixture was then analyzed in frequency domain via a fast Fourier transform algorithm. The phase value *φ* corresponding at the frequency *f* = 80 MHz was used to calculate a value of phase lifetime *τφ* = tan*φ*/(2*πf*). Finally, the efficiency *E* was calculated as *E* = 1 − *τφ*/*τ*0 and the value of *A* was calculated as *A* = *E*/(1 − *E*).

3. RESULTS {#jbio201900164-sec-0009}
==========

3.1. A FRET assay corrected for variations in the acceptor‐donor ratio {#jbio201900164-sec-0010}
----------------------------------------------------------------------

To measure chromatin compaction at the nanoscale level, in live cells, we explored the possibility of using the FRET occurring between nucleic acid binding dyes with overlapping emission/excitation spectra. An example of such a FRET pair is represented by Hoechst 33342 and Syto 13 ([Figure S1](#jbio201900164-supitem-0001){ref-type="supplementary-material"}). Hoechst 33342 is a bisbenzimidazole dye binding to the minor groove of DNA with preferential AT‐sequence specificity. Syto 13 labels DNA, both in the nucleus and mitochondria, and RNA in the cytoplasm and nucleoli [52](#jbio201900164-bib-0052){ref-type="ref"}. We assume that a higher nanoscale chromatin compaction corresponds, on average, to a shorter distance between the fluorophores and thus an increasing FRET efficiency (Figure [1](#jbio201900164-fig-0001){ref-type="fig"}). This is the rationale for using FRET as a quantitative measure of nanoscale chromatin compaction. On the other hand, an increase of the acceptor‐to‐donor abundance could produce by itself an increasing FRET efficiency, not necessarily related to the nanoscale chromatin compaction level (Figure [1](#jbio201900164-fig-0001){ref-type="fig"}). For this reason, it is important to extract a value of FRET efficiency related only to the average distance between the fluorophores but not to their relative abundance.

![Schematic representation of the Förster resonance energy transfer (FRET) assay for chromatin nanoscale compaction. Donor (cyan) and acceptor (yellow) molecules are bound to nuclear chromatin (gray). Variations in the measured FRET level can be due both to changes in chromatin density (black solid arrow) and/or to changes in relative acceptor‐to‐donor abundance (red dashed arrow)](JBIO-12-e201900164-g001){#jbio201900164-fig-0001}

To this aim, we established a protocol for measuring FRET at each pixel of an image and normalizing the FRET level to the relative acceptor‐to‐donor abundance (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}). We measured FRET between Hoechst 33342 and Syto 13 by monitoring the decrease of the donor lifetime by frequency‐domain FLIM. When FRET occurs, the donor (Hoechst 33342) lifetime is reduced due to energy transfer to the acceptor fluorophore (Syto 13). One advantage of FLIM is that it provides a value of FRET efficiency without the corrections (eg, cross‐talk between channels, estimation of the relative concentration of the fluorophores) required by intensity‐based methods [53](#jbio201900164-bib-0053){ref-type="ref"}. The FRET‐induced decrease in the donor lifetime was detected by frequency‐domain FLIM as a decrease in the value of phase measured at a given frequency (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}A). In the phasor plot of Figure [2](#jbio201900164-fig-0002){ref-type="fig"}B, a cell stained with only Hoechst 33342 (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}C) is compared with two cells stained with both Hoechst 33342 and Syto 13 (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}D,E). The lower phase value measured in the donor‐acceptor samples with respect to the donor only sample indicates the occurrence of FRET between Hoechst 33342 and Syto 13 (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}B‐E). In addition, we observed that a higher acceptor‐to‐donor abundance corresponded to a stronger decrease of the donor lifetime (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}D,E). For instance, in the representative images shown in Figure 2, the average lifetime of Hoechst 33342 changed from *τ* ~*D*~ \~2.7 ns (donor only sample) to *τ* ~*DA*~ \~1.9 ns (Figure 2D) and *τ* ~*DA*~ \~1.7 ns (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}E) respectively, due to FRET with Syto 13, resulting in different levels of the FRET efficiency *E*, defined as *E* = 1 − *τ* ~*DA*~/*τ* ~*D*~ (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}H,I).

![FRET assay corrected for the acceptor‐donor ratio. (A) Schematic representation of frequency‐domain analysis of (fluorescence lifetime imaging) FLIM‐FRET data. The FRET‐induced decrease in the donor lifetime from *τD* to *τDA* is detected as a decrease in the value of phase (from *φD* to *φDA*) measured at a given frequency. (B) Phasor analysis of FLIM‐FRET of Hoechst 33342 and Syto 13 in live HeLa cells. The three clusters correspond to the representative samples reported in C‐E. (C) Representative image of a cell labeled with the donor only. Shown are the intensity in the donor channel and the lifetime of the donor. (D,E) Representative images of two cells in the donor‐acceptor sample with different levels of acceptor‐donor ratio. Shown are the intensity in the donor channel, the intensity in the acceptor channel and the lifetime of the donor. Indicated is the average value of acceptor‐donor ratio *n*\*. (F) Plot of the FRET efficiency E and of the FRET level A vs the acceptor‐donor ratio for simulated data. Numbers indicate the simulated acceptor‐donor distance expressed in Förster radius (*R* ~0~) units. Solid lines are linear fits of the data through the origin. (G) Experimental values of *E* and *A* vs *n*\*. Each point is the mean ± SD value of *E* (blue triangles) and *A* (blue squares) for every single cell of the sample population. Solid lines are linear fits of the data through the origin. (H,I) FRET level before and after correction for the samples reported in (D,E). Shown are the map of the FRET efficiency *E*, the map of the FRET level A and the map of the corrected FRET level *A* ~0~\*. (J,K) Histograms of the pixel values of the FRET level before (parameter *A*, dashed gray) and after (parameter *A* ~0~\*, solid blue) correction. The vertical dashed lines mark the position of the peaks of the FRET histograms. Scale bar: 5 μm](JBIO-12-e201900164-g002){#jbio201900164-fig-0002}

To examine in a more quantitative way the dependence of the FRET level upon the relative acceptor‐to‐donor abundance, it is convenient to use the quantity *A* = *E*/(1‐*E*) [43](#jbio201900164-bib-0043){ref-type="ref"}. Simulated data showed indeed that the FRET level A is approximately linearly dependent upon the relative acceptor‐to‐donor abundance *N* ~*A*~/*N* ~*D*~, whereas the FRET efficiency *E* is not (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}F). The slope of the *A* vs *N* ~*A*~/*N* ~*D*~ plot is a quantity dependent only from the acceptor‐donor distance (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}F and [Figure S2](#jbio201900164-supitem-0001){ref-type="supplementary-material"}). The simulations also indicated that very different combinations of values of the parameters *E* ~0~ (namely, the efficiency of a donor coupled to a single acceptor) and *N* ~*A*~/*N* ~*D*~ can generate identical values of FRET level A. In other words, to determine the absolute value of *E* ~0~ from the measured FRET level A, one must know the absolute value of the ratio *N* ~*A*~/*N* ~*D*~.

In our experimental data, it was not straightforward to measure the ratio *N* ~*A*~/*N* ~*D*~. Thus, we quantified the relative acceptor‐to‐donor abundance by a quantity proportional to the relative concentration of the two fluorophores, *n*\* = (*I* ~*A*~/*I* ~*D*~) (*τ* ~*DA*~/*τ* ~*D*~) *N* ~*A*~/*N* ~*D*~ (see Section 2), where *I* ~*A*~ and *I* ~*D*~ are the intensity in the donor and acceptor channel, respectively, and the factor *τ* ~*DA*~/*τ* ~*D*~ takes into account the decrease of QY of the donor due to FRET [51](#jbio201900164-bib-0051){ref-type="ref"}. The experimental dependence of the FRET efficiency *E* and the FRET level A vs the experimental acceptor‐to‐donor ratio *n*\* are reported in Figure [2](#jbio201900164-fig-0002){ref-type="fig"}G for all the different cells measured in one experiment. These plots indicate that the observed variations in FRET between Hoechst 33342 and Syto 13 are related to variations in the relative acceptor‐to‐donor ratio naturally occurring on a given specimen. These variations were probably due to an intrinsic variability in the internalization of the dyes into chromatin, even if the cells were stained with the same amount of the two dyes. Finally, we used the quantity *n*\* to normalize the FRET level A to the relative acceptor‐to‐donor ratio and generate a corrected value of FRET level *A* ~0~\* = *A*/*n*\* at each pixel of an image (Figure [2](#jbio201900164-fig-0002){ref-type="fig"}H,I). In principle, the corrected FRET level *A* ~0~\* is related only to the average distance between donors and acceptors but not to their relative abundance.

3.2. Regions of different chromatin density exhibit different nanoscale chromatin compaction {#jbio201900164-sec-0011}
--------------------------------------------------------------------------------------------

To validate our method, we first compared the values of FRET measured on chromatin regions of different DNA density. Regions of low and high density were identified, on each cell, based on the fluorescence intensity of Hoechst 33342 (Figure [3](#jbio201900164-fig-0003){ref-type="fig"}A,B). The regions corresponding to higher Hoechst 33342 signal typically included the peripheral and perinucleolar heterochromatin, because of the higher DNA concentration of these regions and also because of a preferential affinity of the dye towards AT‐rich sequences [54](#jbio201900164-bib-0054){ref-type="ref"}. The average FRET level A measured in the two regions, for each cell, was reported as a function of the relative acceptor‐to‐donor abundance *n*\* (Figure [3](#jbio201900164-fig-0003){ref-type="fig"}C,E). The different slope of the two sets of data indicated that the regions with high Hoechst signal (the heterochromatin regions) have a higher level of nanoscale compaction compared to the regions with low Hoechst signal (the euchromatin regions). Similarly, the maps of corrected FRET level *A* ~0~\* (Figure [3](#jbio201900164-fig-0003){ref-type="fig"}D,F) showed that nanoscale compaction was higher in heterochromatin (*A* ~0~\* =  1.09 ± 0.025, mean ± SEM, *n* = 10 cells) than in euchromatin (*A* ~0~\* = 0.90 ± 0.025, *n* = 10 cells) (*P* \< .001, paired *t* test, *n* = 10 cells).

![Corrected FRET assay shows different levels of nanoscale chromatin compaction. (A‐F) FRET analysis of regions of different chromatin density in live HeLa cell nuclei. (A) Intensity images of the donor and acceptor channel. (B) Masks generated from the Hoechst intensity signal to discriminate between high‐density (heterochromatin) and low‐density (euchromatin) regions. (C) Color maps of FRET level A in low‐density (left) and high‐density (right) regions. (D) Color maps of the corrected FRET level *A* ~0~\*. (E) Plot of A vs the relative acceptor‐to‐donor abundance *n*\*. Each experimental point is the mean ± SD value of *A* calculated in a high‐ (gray squares) or low‐ (red diamonds) density region. The solid lines are linear fits of the data through the origin (high density: slope = 1.07; low density: slope = 0.81). (F) Comparison of mean value of *A* ~0~\* of heterochromatin (high density) and euchromatin (low density). Data are mean ± SD (*n* = 10 cells) of the mean values of *A* ~0~\* calculated on each cell. (G‐J) FRET analysis of hyperosmotic nuclei. (G,H) Representative images of a control cell nucleus and a nucleus after hyperosmolar treatment. Shown are the intensity in the donor and acceptor channel, the FRET level *A* and the corrected FRET level *A* ~0~\*. *A* ~0~\* color maps reveals and higher nanoscale compaction in hyperosmotic nucleus with respect the control. (i) Plot of *A* vs the relative acceptor‐to‐donor abundance *n*\*. Each experimental point is the mean ± SD value of *A* calculated in control (gray diamonds) or hyperosmotic (blue squares) nuclei. The solid lines are linear fits of the data through the origin (control: slope = 0.92; hyperosmotic: slope = 1.52) (J) Comparison of mean value of *A* ~0~\* of control and hyperosmotic nuclei. Data are mean ± SD (control: *n* = 8 cells; hyperosmotic: *n* = 11 cells) of the mean values of *A* ~0~\* calculated on each cell. Scale bar: 5 μm](JBIO-12-e201900164-g003){#jbio201900164-fig-0003}

To test the sensitivity to alterations of the higher‐order chromatin architecture, we applied the approach used by Albiez et al. [48](#jbio201900164-bib-0048){ref-type="ref"}. It consists in a modulation of chromatin compaction in living cells from normally condensed chromatin to hypercondensed chromatin by an increase of the osmolarity of the culture medium from 290 mOsm (standard osmolarity of normal growth medium) to 570 mOsm. This procedure resulted in an increase of chromatin condensation (Figure [3](#jbio201900164-fig-0003){ref-type="fig"}G,H). HeLa cells showed dense chromatin regions throughout the nucleus followed by a reduction in nuclear size. The average FRET level A was reported as a function of the relative acceptor‐to‐donor abundance *n*\* (Figure [3](#jbio201900164-fig-0003){ref-type="fig"}I). The larger value of slope indicated that treatment with hyperosmolar solution had induced an increase in the nanoscale compaction as measured by FRET. Similarly, the maps of corrected FRET level *A* ~0~\* showed that nanoscale compaction was higher (*P* \< .001, *t* test) in hypercondensed chromatin (*A* ~0~\* = 1.57 ± 0.025, mean ± SEM, *n* = 11 cells) compared to control nuclei (*A* ~0~\* = 0.92 ± 0.025, mean ± SEM, *n* = 8 cells) (Figure [3](#jbio201900164-fig-0003){ref-type="fig"}J).

3.3. Chromatin is decompacted at the nanoscale in response to DNA damage {#jbio201900164-sec-0012}
------------------------------------------------------------------------

Chromatin reorganization during DDR is a complex process. In particular, it has been previously reported that, following local induction of DNA damage, chromatin undergoes a rapid transient (\<5 minutes) expansion followed by a slower compaction phase [55](#jbio201900164-bib-0055){ref-type="ref"}, [56](#jbio201900164-bib-0056){ref-type="ref"}. The rapid decondensation of chromatin in the early phase of DDR is a required step to allow the DNA‐repair machinery to access the damaged region, thereby facilitating DNA damage repair [4](#jbio201900164-bib-0004){ref-type="ref"}. Here, as an application of our FRET method, we tested if chromatin was locally decompacted, at the nanoscale, in response to induction of DNA damage.

To this aim, we generated DNA damage on a selected subregion of the nuclei by 405 nm‐laser microirradiation and sensitization with Hoechst 33342, as reported previously [57](#jbio201900164-bib-0057){ref-type="ref"}. To verify that 405 nm‐laser microirradiation generated local DNA damage in HeLa cell nuclei stained with Hoechst 33342, employed as a sensitizer, we monitored the expression of the DDR marker PARP‐1, a specific protein that rapidly accumulates at genome sites where single‐strand breaks or DSBs have occurred [3](#jbio201900164-bib-0003){ref-type="ref"}, [58](#jbio201900164-bib-0058){ref-type="ref"}. The expression of PARP‐1 was monitored in cells fixed immediately after microirradiation and in live cells (Figure [4](#jbio201900164-fig-0004){ref-type="fig"}).

![Corrected FRET assay reveals nanoscale decompaction of chromatin in response to DNA damage. (A) DNA damage is induced by UV‐microirradiation in a region of interest (ROI) in a live HeLa cell nucleus labeled with Hoechst. (B,C) Confocal images showing DNA staining with TO‐PRO‐3 and immunodetection of PARP‐1 in the same HeLa cell fixed in 4% PFA immediately after microirradiation (B) and in a control cell (C). Line profile shows the intensity signal distribution of TO‐PRO‐3 (red) and PARP‐1 (green) in the irradiated region. (D) Representative images of a live HeLa cell nucleus stained with Hoechst and expressing PARP1‐chromobody‐TagRFP. Following local UV‐microirradiation, there is accumulation of PARP‐1 in the irradiated region. (E‐H) FRET analysis in live HeLa cells stained with Hoechst and Syto 13 after local UV‐microirradiation. (E) Intensity images of the donor and acceptor channel. (F) Color maps of the corrected FRET level (*A* ~0~\*) in selected masks representing the UV‐irradiated ROI and outside ROI. (G) Plot of A vs the relative acceptor‐to‐donor abundance *n*\*. Each experimental point is the mean ± SD value of *A* calculated in UV‐irradiated ROI (blue circles) or outside ROI (red squares) inside nuclei. The solid lines are linear fits of the data through the origin (UV‐irradiated ROI: slope = 0.82; outside ROI: slope = 1.1) (H) Comparison of mean value of *A* ~0~\* of UV‐irradiated and outside ROIs inside nuclei. Data are mean ± SD (*n* = 6 cells) of the mean values of *A* ~0~\* calculated on each cell. Scale bar: 5 μm](JBIO-12-e201900164-g004){#jbio201900164-fig-0004}

In fixed cells, we observed accumulation of PARP‐1 on the irradiated region (Figure [4](#jbio201900164-fig-0004){ref-type="fig"}A‐C, [Figure S5](#jbio201900164-supitem-0001){ref-type="supplementary-material"}). Postfixation labeling with the DNA dye TO‐PRO‐3 [59](#jbio201900164-bib-0059){ref-type="ref"} revealed, as expected, a local decondensation of DNA at the irradiation site (Figure [4](#jbio201900164-fig-0004){ref-type="fig"}B). In live cells, we also observed photobleaching of Hoechst 33342 and accumulation of PARP‐1 on the irradiated region (Figure [4](#jbio201900164-fig-0004){ref-type="fig"}D). The accumulation of PARP‐1 was more prominent towards the center of the nucleus (Figure [4](#jbio201900164-fig-0004){ref-type="fig"}D and [Figure S3](#jbio201900164-supitem-0001){ref-type="supplementary-material"}). One possible explanation for this effect is that more DNA damage is generated towards the center of the nucleus where the thickness is larger. In this respect, it is worth noting that, under one‐photon excitation regime, the absorption of light and the subsequent generation of DNA damage is not limited to the focal plane but extended to the whole exposed volume [60](#jbio201900164-bib-0060){ref-type="ref"}.

We then measured the FRET level on HeLa cells stained with Hoechst 33342 and Syto 13 right after a region of the nucleus was exposed to laser microirradiation (Figure [4](#jbio201900164-fig-0004){ref-type="fig"}E‐H and [Figure S6](#jbio201900164-supitem-0001){ref-type="supplementary-material"}). The FRET measurements were performed immediately after irradiation (within minutes), to focus only on the nanoscale rearrangement of chromatin occurring during the first expanding phase. The maps of corrected FRET level *A* ~0~\* showed that nanoscale compaction was lower in the exposed region of the nucleus (*A* ~0~\* = 0.87 ± 0.05, mean ± SEM, *n* = 6 cells) compared to the nonexposed region (*A* ~0~\* = 1.14 ± 0.05, mean ± SEM, *n* = 6 cells) (Figure [4](#jbio201900164-fig-0004){ref-type="fig"}F‐H, *P* \< .005, paired *t* test). The lower value of corrected FRET is an indication that chromatin is locally decompacted, at the nanoscale, in response to DNA damage induction, probably to promote the access of the DNA‐repair machinery required for DNA damage repair, in keeping with reported models of chromatin organization [4](#jbio201900164-bib-0004){ref-type="ref"}.

4. DISCUSSION {#jbio201900164-sec-0013}
=============

In this work, we have shown that a pair of DNA binding dyes, normally used as nuclear counterstains, can be used as a FRET system to map chromatin compaction within live cell nuclei. We have defined a successful strategy to distinguish the variations of FRET related to the donor‐acceptor distance from the variations of FRET related to the acceptor‐to‐donor abundance. This strategy is based on a combination of both fluorescence lifetime and intensity measurements. The FRET level is quantified via the decrease of the donor lifetime, which is detected by FLIM, and then normalized to the relative acceptor‐donor ratio, which is estimated from the intensity values in the acceptor and donor channels. To validate this strategy, we measured the FRET level in regions of high and low DNA density, as defined by the relative amount of Hoechst signal, and found that heterochromatin regions had a higher FRET level compared to the euchromatin regions. We also showed that nuclei of cells treated with a hyperosmolar medium had a higher FRET level compared to control nuclei. Finally, we applied our FRET method to monitor nanoscale reorganization of chromatin during response to DNA damage: we found that chromatin is locally decompacted, at the nanoscale, in response to DNA damage induction, probably to promote the access of the molecular machinery required for DNA damage repair.

These results show that, thanks to the normalization step, the reported FRET assay can be used to investigate chromatin organization in live cells and is a valid alternative to the previously reported histone‐based FRET systems. A major drawback, compared to the histone‐based FRET assay, is that it is not straightforward to interpret our data in terms of the higher‐order organization of chromatin‐DNA. Indeed, while the internucleosome distance is a parameter directly connected to the chromatin higher‐order organization, here the precise spatial distribution of the two fluorophores on the DNA macromolecule is poorly defined. We can only make some simple assumptions on the distribution of the two binding dyes on DNA and attempt to estimate their average distance from the measured values of FRET efficiency.

FRET is a process sensitive to nanometer distances between fluorophores. However, the average FRET efficiency measured on a given pixel depends also on how many donors and acceptors are engaged in the FRET interaction. For instance, in protein‐protein interactions, it is common to describe FRET data in terms of a mixture of two species: a fraction of unquenched donors and a fraction of donors undergoing FRET with an acceptor [35](#jbio201900164-bib-0035){ref-type="ref"}. Here, we cannot make any prior hypothesis on the stoichiometry of the FRET interaction. In order to convert the measured values of FRET efficiency into nanometer values, it is necessary to know the absolute value of the ratio *N* ~*A*~/*N* ~*D*~. The relationship between *N* ~*A*~/*N* ~*D*~ and our experimental parameter *n*\* is given by *N* ~*A*~/*N* ~*D*~ = (*β* ~*D*~/*β* ~*A*~) × *n*\*, where *β* ~*A*~ and *β* ~*D*~ are the brightness of the acceptor and of the unquenched donor in the acceptor and donor channel, respectively. The simplest way to estimate the ratio *β* ~*D*~ */β* ~*A*~ would be to use a specimen with a 1:1 stoichiometry of the two fluorophores [61](#jbio201900164-bib-0061){ref-type="ref"}. This is particularly challenging in our system since the brightness of a dye bound to DNA is much higher than that of the free dye and the effective concentration of dye bound to DNA can be very different from that of the staining solution. Using solutions of known concentration of organic dyes with similar emission spectra, we estimated indirectly that, in our system, βD/βA\~2.5, resulting in absolute values of acceptor‐to‐donor ratios *N* ~*A*~/*N* ~*D*~ ranging between \~0.4 and \~2 in our experiments. If this estimation is correct, we can then calculate the FRET level corresponding to a donor‐acceptor pair as *A* ~0~ = *A* ~0~\*/(*β* ~*D*~/*β* ~*A*~). For the control samples, this value is in the order of *A* ~0~\~0.4, corresponding to a FRET efficiency in the order of *E* ~0~\~0.3 and average donor‐acceptor distances in the order of \~1.2 Förster radii. Assuming a Förster radius of \~5 nm, this corresponds to \~6 nm. According to recent EM observations, chromatin can be described a disordered chain with diameters between 5 and 24 nm, packed together at different concentration densities in interphase nuclei [62](#jbio201900164-bib-0062){ref-type="ref"}. We can speculate that variations in the local density of this chain determine variations of the average acceptor‐donor distance and thus variations in the detected FRET. In this framework, a variation of *A* ~0~ from 0.36 to 0.44, like that observed between euchromatin and heterochromatin (Figure [3](#jbio201900164-fig-0003){ref-type="fig"}), would correspond to a variation of average acceptor‐donor distance from \~1.2 to only \~1.1 Förster radii. This variation of distance can seem relatively small if compared with an estimated 2.6‐fold difference of total DNA density between the two compartments [20](#jbio201900164-bib-0020){ref-type="ref"}. However, this is not surprising considering the heterogeneity in the nanodomain size recently observed for DNA and nucleosome higher‐order structures [16](#jbio201900164-bib-0016){ref-type="ref"}, [20](#jbio201900164-bib-0020){ref-type="ref"}, [62](#jbio201900164-bib-0062){ref-type="ref"}. Our estimation of the average interaction distance might be inaccurate, as it does not rely on a robust calibration protocol. In this respect, we believe it would be interesting to perform a similar analysis on the histone‐based FRET assays [38](#jbio201900164-bib-0038){ref-type="ref"}, [39](#jbio201900164-bib-0039){ref-type="ref"}, [41](#jbio201900164-bib-0041){ref-type="ref"} where the use of fluorescent proteins would allow a more robust calibration with constructs of known stoichiometry [61](#jbio201900164-bib-0061){ref-type="ref"} and a direct estimation of the average nanometer distance between labeled histones.

FRET has many applications in biology. However, most of the FRET experiments do not use a pair of DNA dyes but more conventional FRET pairs such as CFP‐YFP or Cy3‐Cy5. Thus, it will be important to test the general applicability of our method to FRET systems based on conventional fluorophores. Another interesting perspective is the combination of our FRET method with super‐resolution microscopy. For instance, super‐resolved FLIM‐FRET measurements could be performed, thanks to the recent integration of FLIM with image scanning microscopy [63](#jbio201900164-bib-0063){ref-type="ref"}, a technique similar to SIM that does not require the use of special fluorophores. Finally, we believe that our method could be further improved with the use of novel fluorogenic dyes recently developed for a more efficient staining of chromatin [64](#jbio201900164-bib-0064){ref-type="ref"}. At the same time, the compatibility of these new dyes with STED super‐resolution microscopy opens the intriguing possibility of using the same fluorophore for imaging chromatin on different nanoscale windows: from the diffraction limit down to the tens of nanometers by STED and in the nanometer range by FRET.
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